Abstract. The objectives of the study are (1) to examine the effects of land cover type, green biomass, and solar zenith angle (SZA) on the bidirectional reflectance distributions (BRDs) of the visible and near-infrared advanced very high resolution radiometer (AVHRR) data from NOAA 11 over terrestrial surfaces; and (2) to correct for these effects by developing BRD functions (BRDF). Four land cover types are examined: barren, grassland, forest, and cropland. The data used consist of 1-km daily AVHRR measurements for three growing seasons collected over 19 homogeneous land sites (20 x 20 km 2 for each site) in the conterminous United States and parts of Canada. BRD is found to be strongly land cover dependent. For the same cover type, BRD is altered significantly by the green biomass present (represented by the normalized difference vegetation index (NDVI)). The effects of SZA on BRDs are also observed over all surface types under investigation. Semiempirical BRDFs were developed to account for these effects that are the functions of the SZA, satellite viewing zenith angle, relative azimuth angle, and NDVI. Good agreements were found between the observed and the modeled bidirectional dependencies for wide ranges of NDVI and SZA. A single BRDF appears to be sufficient for bidirectional correction of the clear-sky AVHRR measurements made over a specific land cover type throughout a season. Finally, the developed BRDFs were used to normalize AVHRR reflectance data to a common geometry and to infer the hemispherical albedos for monitoring the seasonal variations of land surfaces.
Introduction
The advanced very high resolution radiometer (AVHRR) on board the NOAA polar orbiting satellites has provided continuous global measurements at a fairly high resolution for more than a decade. Therefore AVHRR archives have served as an important data source for monitoring the changes of the Earth's environment, in addition to the primary application in facilitating day-to-day weather forecasting. AVHRR channels 1 and 2 measure the visible (0.58-0.68 tam) and near-infrared (0.72-1.10 tam) reflected radiances, respectively. They are often used for remote sensing of the terrestrial surfaces. However, these measurements are affected significantly by Sun-target-sensor geometry because most types of natural surfaces are anisotropic reflectors [Kriebel, 1978; Kimes et al., 1984; Kimes and Sellers, 1985; Middleton, 1991] . The AVHRR radiometers scan +_ 56 ø relative to the nadir in a plane normal to the satellite track. As a result, a fixed target may be viewed from very different viewing angles, leading to varying reflected radiance. This affects the detectability of the temporal evolution of a target [Gutman, 1991] . The bidirectional depen-In view of these limitations, direct use of AVHRR measurements was made to study the BRD and to develop the BRDF for clear-sky AVHRR data [Gutman, 1994; . Cihlar et al. [1994] analyzed the AVHRR BRD effects for cropland, deciduous and coniferous forest, and wetland in central Canada. Since their study employed the AVHRR data of only 20 days during peak green period, temporal evolution of the BRD was not examined. To account for the dependencies of BRD on land cover type and season, Gutman [1994] developed a BRDF for each month over some selected 1 ø x 1 ø target areas. While this method allows for the diversity of surface type, topography, and seasonal variation, this approach has the disadvantage of using too many basic functions, which may lead to instability in the coefficients developed.
This study follows a similar approach to that of Cihlar et al. [1994] but focuses on the effects of seasonality on AVHRR BRD for different surface types. For a given land cover type, the temporal variation of a BRD is driven by two factors, Sun position and physiological condition of the (mostly vegetated) land target. Sun position is determined by azimuth angle and solar zenith angle (SZA). Because of the inherent characteristics of the AVHRR geometry at northern latitudes in summer the dependency on azimuth angle cannot be addressed here. The most revealing indicator of the growing status of a vegetation target is greenness that can be directly observed from space using, for example, the normalized difference vegetation index (NDVI). NDVI depends much more weakly on viewing geometry than visible and near-infrared reflectance Holben et al., 1986; Cihlar et al., 1994] . Therefore this study examines the dependencies of the AVHRR BRD on NDVI and SZA and develops a new set of BRDFs to account for these dependencies. The utility of the BRDFs in land monitoring is also investigated. where R 1 and R2 denote the observed reflectance at channels 1 and 2 in percent, respectively, and T4 the brightness temperature at channel 4 in degrees Kelvin. They are based on (1) cloud-free land surfaces are less reflective than clouds for both channels; (2) except for bare land, the clear-sky reflectance in channel 2 is significantly higher than that in channel 1 for most terrestrial surfaces; (3) clear scenes are generally warmer than clouds.
To identify partly cloudy pixels, a spatial coherence method is applied to those that were identified as being clear in the first step. This method was originally proposed by Coakley and Bretherton [1982] and has been widely used [e.g., Gutman et al., 1987; Saunders, 1987] . The basis of this method is that the radiance of a cloud-contaminated scene is more variable than that of a clear scene. The validity of this method thus depends on surface uniformity. The fact that all the sites selected here are very homogeneous warrants the application of this method. To apply the spatial coherence method, background variabilities and standard deviations of R 1, R2, and T4 were computed for the array of 3 x 3 pixels surrounding each individual pixel. Background variability is defined as the minimum standard deviation in a given month.
The thresholds of 1% and 1 K were selected for solar channels and thermal infrared channels, respectively. A pixel was considered to be contaminated by cloud, unless it satisfies all of the following criteria: /SR1 < AR1 + 1.0% (4) /•R2 < AR2 + 1.0% (5)
•T4 < AT4 + 1.0 K
where/• and A stand for standard deviation and background variability, respectively. The third step makes additional use of T4. Considering that land surface temperature is subject to strong temporal and spatial variations, the criterion for channel 4 used in step 1 is quite crude. As a result, it may not effectively screen out cloud-contaminated pixels. On the other hand, however, it does not mislabel clear pixels as cloudy. For a given site, the criterion of T4 is changed from 280 K to the sum of the mean T4 and one standard deviation computed for those that were identified as being clear in steps 1 and 2 for the same site of 20 x 20 pixels.
Finally, the image of cloud-free pixels produced with the above procedures was further subject to visual inspection to discard some apparently misidentified pixels. This was done with the aid of analyzing a time series of NDVI, in view of the fact that NDVI does not change dramatically with time and that the presence of cloud tends to reduce the value of NDVI. Thus if a NDVI is obviously too low with reference to the time series of NDVI, the observation was removed.
This step generally eliminated low thin clouds and fog. Unlike previous steps, this step is not automatic (no objective rule applied), as it relied partially on one's experience of image analysis. It is, however, not responsible for the removal of the majority of cloudy pixels.
While the percentage of clear pixels that survive from the tests varies with time and site, it was generally less than 30%. This number may be lower than the actual frequency of clear-sky occurrence, resulting from imposing the conservative criteria. After cloud screening, the reflectances of all clear pixels over a test site were averaged and the mean values over the same sites were employed in the BRDF study. Inasmuch as the sites were homogeneous, the BRDF that is derived from the averaged reflectances should be applicable to the individual AVHRR pixels.
Methodology
For an empirical study of BRD it would be ideal to have the same target viewed from different directions at the same time. Unfortunately, the AVHRRs cross-track scanning allows one observation at a time from a single direction. One [Li and Strahler, 1986] . Presumably, the increase of NDVI for cropland is mainly associated with enlarging the size of leaves, whereas the increase of NDVI for grassland may be primarily due to narrowing the distances between leaves and diminishing the background effects. In this case, the response trend of the hot spot effect to change in NDVI over grassland would be opposite to that over cropland. The discrepancies in BRD between grassland and cropland also arise from the differences in their physical and optical properties. For example, the near-IR reflectance of a grass leaf is lower than its transmittance [Blad, 1988] , while the reflectance of a crop leaf is generally higher than its transmittance [Ross and Marshak, 1988] . Therefore for a moderate NDVI the reflectance over grassland is influenced more by the area of the underlying soil exposed to the satellite sensor, whereas the reflectance over a cropland is determined more by the leaves. For a complete coverage of canopy with large NDVI, the large reflectances of crop leaves result in asymmetric BRDs; that is, the reflectance is larger in the backscattering directions. Over a grassland of large NDVI the high transmittance of grass leaves leads to more symmetric BRDs because of increasing diffuse illumination. This suggests that NDVI cannot account for the difference in the characteristics of BRD among different land cover types. Thus different BRDFs need to be developed over individual land cover types. Figure 5 shows the results for forests. Note that the change of NDVI over forest is caused mainly by the variation of the reflectance in channel 2, since the reflectance in channel 1 is quite stable. The angular variation of channel 2 reflectance is stronger than channel 1. In general, the BRD for forest behaves more like cropland, but the hot spot effects for forest are not so strong as for cropland.
Solar Zenith Angle (SZA)
BRD is known to be dependent on SZA. the physical structure and optical properties of a reflecting media as well as LAI. To the first approximation we can assume that the physical structure and optical properties are land cover type-specific. As a result, K0, K i, and K2 are modified solely by LAI which can be related to NDVI for a given type of land cover [Sellers, 1985] . The coefficients K i were thus determined empirically as functions of NDVI for each land cover type. To do so, (7)-(10) were first applied to the AVHRR data. The values of K0, K1, and K2 were computed by minimizing the differences between the observed and the modeled reflectances using an optimization algorithm. The relationships between these coefficients and NDVI were investigated for each land cover type. In line with the above analysis the coefficients are found to depend strongly on NDVI for vegetated land. Figure 7 shows, for example, the dependency of K0 on NDVI. Note that K0 for channel 2 is more sensitive to NDVI than for channel 1 over cropland and forest, while K0 is sensitive to NDVI for both channels over grassland. The analytical functions of the coefficients versus NDVI were determined by a curve-fitting software. Table 2 delineates the functions of a li -' K]/Ko and a2i --K2/Ko where i = 1, 2 representing AVHRR channels 1 and 2, respectively; a li and a2i correspond to the coefficients of an anisotropic factor (11) obtained by normalizing equation (7) In general, the modeled results agree rather well with the observations. The BRDF appears to be able to model the evolution of a BRD in response to changing SZA and NDVI. One may regard the difference between the maximum and the minimum reflectances as the signal of the bidirectional effect. The corrections made by these BRDFs are thus significant in that the noise represented by the discrepancies between modeled and observed reflectances is much smaller than the signal. The good agreements suggest that a single BRDF is sufficient to correct for the bidirectional dependencies on SZA and NDVI for a given land cover type. It is not surprising to find some disagreements, as the basic functions given by (8) and (9) were derived on the basis of a simple physical model for some idealized canopy conditions. Large disagreements generally occur around the hot spot regions for small SZAs. When SZA is small, the contribution of the lower canopy to the TOA BRD increases due to more illumination being available. The model of Roujean et al.
[1992a] does not, however, account for the contribution of the lower canopy which produces different BRD from the upper canopy. As for barren, the failure to allow the macroscale irregularities of a soil surface in the model of Roujean et al. [1992a] might explain the poor agreement near the hot spot region at small SZAs.
Application of BRDF in Land Monitoring
As stated in the introduction, AVHRR data can be used to monitor the temporal variation of land targets after the bidirectional dependencies have been removed. When a BRDF is available, there are two means of eliminating the As an example, Figure 13 compares the seasonal variations of the original AVHRR reflectances measured over four land cover types with the reflectances normalized to SZA -45 ø according to the BRDFs developed. The cloudfree time series data for the 1991 growing season were used. It is seen that the original reflectances exhibit strong temporal variations of long and short timescales. The long-term variations are mainly associated with the seasonal changes of canopy greenness for vegetated land, indicated by the difference between channels 1 and 2. In contrast to vegetated land, barren has no apparent seasonal regime. There are strong short-term oscillations of quasi-period in original reflectances for all land cover types. The quasi-period is very close to the 9-day period of AVHRR viewing geometry [Gutman, 1989] . It is thus concluded that the oscillations arise from the bidirectional dependencies of AVHRR data. The oscillations are significantly suppressed in normalized reflectance following the correction for BRDF effects. The remaining small fluctuations could be due to errors in BRDF and K0, variations in atmospheric conditions (water vapor, aerosols), and residual cloud effects. It is likely that changes in atmospheric conditions may result in large fluctuations in the normalized reflectance over the regions with different climate regimes. In addition, the remaining fluctuations tend to strengthen with greenness, suggesting that the effects of greenness on BRDF have not been totally accounted for by the use of NDVI.
Summary
An AVHRR data set of 3 years over 19 land target sites (20 km for each site) in the conterminous United States and parts of Canada was used to examine the bidirectional reflectance distributions (BRDs) for visible and near-infrared measurements from AVHRR.
Uniform sites of barren, grassland, forest, and cropland were selected. Since the study is restricted to clear skies, cloud-screening techniques were applied to eliminate overcast and cloud-contaminated pixels. Observed top-of-atmosphere (TOA) reflectance was analyzed over different surface types for whole growing seasons. It was found that the BRD depends on wavelength, land cover type, solar zenith angle, and vegetation growing condition. The TOA BRDs generally resemble those obtained from surface measurements of the same type, suggesting the predominant role of the surface BRD in the TOA BRD for the AVHRR measurements over the geographic areas under study. The BRDs for all land cover types investigated here have stronger reflection in the backscattering directions toward the Sun (hot spot). The hot spot effect is more striking in the near-infrared channel than in the visible one. The width and strength of a hot spot are modified by physical and optical properties of a canopy such as leaf reflectance, transmittance, dimension, plant height and density, etc. Since these properties are related to land cover type and greenness, the effects of canopy physiological condition on BRDF were examined in detail with respect to the changes in NDVI for each land cover type. It was found that the effects are very significant. The seasonal variations of BRD are thus determined by both SZA and NDVI. The BRDF was therefore developed with four variables, namely, SZA, VZA, RAA, and NDVI for a specific land cover type at each channel. The BRDF is semiempirical, derived from the physically based bidirectional functions proposed by Roujean et al. [1992a] with some parameters to be derived empirically from AVHRR measurements. For vegetated cover types considered here, these parameters are given as the functions of NDVI. It was found that a BRDF can produce angular patterns similar to those observed for large ranges of SZA and NDVI over a fixed land cover type. The good agreement between the observed and modeled reflectances suggests that a single BRDF is sufficient to correct the bidirectional dependence in the AVHRR observations for a given land cover type. A BRDF can be used to normalize the reflectance observed at a particular Suntarget-satellite geometry to a reflectance corresponding to a common geometry or to infer an albedo defined over the upper hemisphere. The normalized reflectances exhibit much smoother seasonal variations than the original reflectances, which facilitates statistical analysis and interpretation of AVHRR data for monitoring changes associated with surface conditions. It should be stated that bidirectional dependency is only one of the problems encountered in the use of AVHRR measurements for detecting changes. Satellite sensor drift, for example, is another important issue in long-term monitoring. This study aims primarily at studying the effects of land cover type and seasonality on the AVHRR bidirectional reflectance distribution. The impacts of the atmosphere and topography are minimized by selecting uniform sites over remote areas. This implies that the BRDF developed in this study may not be applicable to areas of complex topography with strong atmospheric effects due to aerosols and water vapor.
